Abstract-In this paper we propose a new spatial loading scheme for the Vertical Bell Layered Space Time (V-BLAST) system where the detection of symbols belonging to the same transmitted vector is done by zero-forcing with ordered successive interference cancellation (ZF-OSIC). Assuming no error propagation, the ZF-OSIC detection process decouples the channel matrix into a set of independent parallel sub-channels. In our proposal the data rate and the average power to be allocated on each sub-channel are obtained by minimizing the asymptotic approximation of the average bit error rate for the given desired total data rate and the total average transmitted power. The feedback sent from the receiver to the transmitter consists of the average signal-to-noise ratio and the detection order. Computer simulations are used to demonstrate the effectiveness of our proposal over the conventional V-BLAST.
I. INTRODUCTION
The ever increasing demand for high spectral efficiency in wireless communications has contributed to consider the introduction of architectures based on multiple antenna elements both for the transmitter and for the receiver [1] . The Vertical Bell Layered Space Time (V-BLAST) system, originally proposed in [2] , is one of the most investigated architectures to achieve this higher spectral efficiency. In such a scheme the input data sequence is first demultiplexed in N T sub-streams and then transmitted, over the multiple input multiple output (MIMO) channel, through N T antenna elements. At the receiver, an estimate of the transmitted data symbols is produced by processing the signals received from N R ≥ N T antenna elements. The performance of the V-BLAST architecture, in terms of error probability, is strongly dependent on the technique implemented in the receiver to detect the N T transmitted sub-streams. In this paper we focus on a V-BLAST system where the detection is done by zeroforcing 1 with ordered successive interference cancellation (ZF-OSIC). The introduction of an optimal ordering, based on the maximization of the minimum post-detection SNR over all possible detection orderings, improves the performance over the fixed-order successive interference cancellation (SIC) [2] .
In the implementation of the conventional V-BLAST the total data rate and the total average transmitted power are equally divided among the transmit antenna elements. This equal data rate and equal average power allocation strategy 1 A better performance is obtained with the minimum-mean square error OSIC detection. Since its analytical performance evaluation is complicated we do not consider it in the present work.
is the optimal solution when channel state information (CSI) is not available at the transmitter [3] . When CSI is present, spatial loading algorithms, assigning the data rate and the average power on each sub-channel, allow us to obtain a performance improvement both for the case of ZF-SIC and ZF-OSIC detection [4] - [11] .
Spatial loading in V-BLAST systems with ZF-SIC detection has been considered in [5] - [6] with the aim of minimizing the average probability of symbol or vector error. While the approach considered in [5] allocates only the average powers across transmitters, in [6] both the data rates and the average powers are optimized. Note that, an important characteristic of the two approaches is that of requiring a very limited feedback from the receiver consisting only of the average SNR. The spatial loading problem in V-BLAST systems with ZF-OSIC detection has been investigated in [7] - [10] for the case of power allocation only. A spatial loading algorithm that assigns the data rate and the average power to each transmit antenna so that the instantaneous probabilities of symbol errors are equalized on all the parallel sub-channels has been proposed in [11] . The feedback required at the transmitter by such a scheme consists of the data rate and the average power associated to each transmitter.
In this paper we consider the optimization of the average bit error rate (BER) for a fixed total data rate and a given total average transmitted power. The resulting spatial loading scheme assigns predetermined data rates and average powers to transmit antenna elements considering a very limited feedback from the receiver that consists of the average SNR and the order in which the sub-streams are detected. As in [5] , [6] , and [10] , the proposed scheme introduces a simplification compared to the other approaches where the information sent by the receiver consists of the average power or the data rate and the average power to be allocated on each transmitter.
The paper is organized as follows. The model of the system we focus on is described in section II. The proposed spatial loading scheme is introduced in section III. Experimental results are shown in section IV and, finally, conclusions are drawn in section V. complex symbol a n , transmitted from the n-th antenna, is drawn from a square QAM constellation with M n points. The received signal vector at a particular time instant is represented in complex baseband form as
II. SYSTEM MODEL
where H is the N R × N T MIMO channel matrix whose elements are i.i.d. random variables (RVs) having uniformdistributed phase and Rayleigh-distributed magnitude with average power equal to 1, P = diag[p 1 , . . . , p NT ] is a diagonal matrix whose n-th entry p n denotes the average power radiated from the n-th antenna and w is the N R × 1 noise vector of i.i.d. complex Gaussian RVs with zero mean and variance σ 2 w . The value of p n is assigned to transmitter n on the basis of the feedback sent by the receiver. The constraint trace(P) = 1 is set on the total average transmitted power. We assume that both H and σ 2 w are perfectly estimated at the receiver and that the feedback channel is error free. The average SNR is defined asγ
As in [7] - [10] , the ZF-OSIC detection process at the receiver coincides with that implemented in the conventional V-BLAST, that is, based on the ordered post-detection SNR obtained when P = 1 NT I NT (I k denotes the k × k identity matrix). Therefore, the detection order is not influenced by the transmit power allocation.
III. THE PROPOSED SPATIAL LOADING SCHEME
Assuming no error propagation, a detection process based either on ZF-SIC or ZF-OSIC decouples the channel matrix into a set of independent parallel channels with increasing diversity order, N R − N T + i being the diversity order at the i-th processing step [12] . According to this view, we can apply rate and power loading strategies that have been devised to optimize different performance criteria in case of transmission over independent parallel channels where CSI is available at the transmitter (see [13] and references therein).
In particular, we are interested in the minimization of the average BER when the detection is done by ZF-OSIC subject to the constraints of a fixed total data rate and a total average transmitted power. The total average BER is given bȳ
whereP b;i denotes the average BER at i-th detection step, b i = log 2 M i is the data rate (number of bits) associated to the substream detected in the same step and K,
is the number of sub-streams used at the transmitter to obtain the desired fixed data rate
It is worth noting that the use of a number of transmitted substreams equal to K, lower than N T , implies an increase of the diversity order at the i-th processing step to
Neglecting the effects of error propagation,P b;i can be written as a function of the average SNR per channelγ c;i and the number of QAM constellation points M i . The average SNR per channel at i-th step is defined as
where α i denotes the average transmitted power allocated to the transmitted sub-stream detected in such a step. Average powers are assigned to transmit antenna elements according to the detection ordering communicated by the receiver, that is p ki = α i , where k i ∈ {1, . . . , K} represents the integer identifying the transmitted sub-stream to be detected at the ith step. The average BER at i-th detection step is calculated asP
where the instantaneous BER P b;i (M i , γ c;i ) is averaged over the probability density function (pdf) f i (γ c;i ) of the instantaneous SNR γ c;i . Our spatial loading scheme is based on the minimization of
subject to
Note that in (6) the dependence ofP b;i (M i ,γ c;i ) on α i has been made explicit by using (4). The minimization of (6) gives the optimal powers α i for the given average SNR and the given assignment of M i , i = 1, . . . , K. The sum of the data rates on the K used sub-channels must be kept constant to satisfy the constraint on the total data rate given in (3). In order to compute the average BER given in (5) for each detection step, we consider as instantaneous BER the approximation proposed in [14] for square M -QAM constellations
where the constant g is defined as
The exact analytical expression of the pdfs f i (γ c;i ) is known only for the case of two transmit antennas and an arbitrary number of receive antennas [3] , [12] . However, the use of these two pdfs in (5) would lead to an average BER that does not lend itself to a manageable form from an optimization point of view. For this reason we consider their asymptotic approximations that are valid at high SNR. For an N R × 2 MIMO system the asymptotic approximation of the pdf at the first detection step is given by
while that at the second is
The resulting asymptotic approximations of the average BERs at the first and second detection steps are respectivelȳ
where g 1 and g 2 are computed from (9) according to the values of M 1 and M 2 . Considering the analysis developed in [3] , [12] , and [15] , it is possible to write the analytic asymptotic approximations of the pdfs at the different detection steps up to N T = 4 and N R = 4. In order to derive their analytic asymptotic approximations at high SNR, in [10] we have extended the analysis developed in [3] , [12] for the case of two transmit antennas by taking into account the conjectures used in [15] to analyze the asymptotic outage probability for N R = N T = 3, 4. The asymptotic approximations of the average BERs at the different detection steps can be obtained in the same way we have computed the expressions of the symbol error probabilities at the different detection steps in [10] and by considering that now the instantaneous BER is given by (8) .
The data rate and the average power to be assigned on each sub-channel, for a given average SNR, are obtained considering the minimum of the average BER among those achieved by different combinations of data rates on the sub-channels for all the possible values of K. The average powers are allocated to different transmit antenna elements on the basis of the average SNR and the detection order communicated by the receiver. As in [9] , to find the minimum of (6) we have used the MATLAB function FMINCON. This function attempts to find the constrained minimum of a scalar function of several variables starting at an initial estimate.
IV. NUMERICAL RESULTS
In this section we present some simulation results where we compare the performance of the proposed spatial loading algorithm with that of the conventional V-BLAST. We assume that the number of receive antennas is equal to the number of transmit antennas, that is N R =N T . Fig. 1 reports the performance comparison between our proposed spatial loading scheme and the conventional V-BLAST for the 2 × 2 case and a total data rate of 8 bits per channel use. For this situation we have found that the asymptotic approximation of the average BER provides a good estimate of the true performance in the average SNR region defined byγ ≥ 15 dB. In the conventional V-BLAST a data rate of 4 bits per channel use is allocated on each spatial sub-channel. For the proposed spatial loading scheme the optimization provides a number of K = 2 used sub-channels in the average SNR region from 15 to 45.5 dB and K = 1 for higher values of the average SNR. In the average SNR region from 15 to 45.5 dB the data rate on both the sub-channels is 4 bits per channel use up to 31.2 dB while it is of 2 and 6 bits per channel use, respectively, for the first and the second sub-stream in the average SNR region from 31.2dB to 45.5dB. These changes in the values of K and data rates are visible as modifications of the slope of the curve giving the average BER in Fig. 1 . Note that, in this case the performance for an average SNR greater than 45.5 dB coincides with that obtained considering the transmission of a 256-QAM where at the receiver we perform maximal ratio combining with two antennas. The figure shows that at 10 −4 the proposed spatial loading scheme allows us to obtain a gain of 3.7 dB over the conventional V-BLAST. The gain of the spatial loading scheme increases at a higher SNR due to the higher slope of Average BER Average SNR (dB) 1st detection step: simulation 2nd detection step: simulation Spatial loading: 1st step asymptotic approximation Spatial loading: 2nd step asymptotic approximation Fig. 3 . Average BERs at the first and the second detection steps for the proposed spatial loading scheme for a 3 × 3 MIMO systems with a total data rate of 6 bits channel use.
its average BER curve compared to that of the conventional approach. In order to validate the asymptotic approximation, numerical results obtained by Monte Carlo (MC) simulations are also reported in Fig. 1 . We observe that no differences exist between the asymptotic approximation and MC simulations. Fig. 2 shows the results obtained for the 3 × 3 case and a total data rate of 6 bits per channel use. Also for this case no differences have been observed between the asymptotic approximations and MC simulations in the regionγ ≥ 15 dB. At 10 −4 the proposed spatial loading scheme gives a gain of 11.3 dB compared to the conventional one. The superior gain obtained for N =3 compared to N =2 can be easily explained by observing that the optimization of (6) in this case gives K = 2 with a data rate of 2 and 4 bits per channel use on the first and the second detected sub-channel, respectively. Hence, the huge difference of performance between the two curves reported in the figure is given by their different slopes in the considered average SNR region. The average BERs obtained by the proposed spatial loading scheme at the first and second detection steps are reported in Fig. 3 . As the figure shows, the proposed spatial loading scheme tends to equalize the average BERs at the different detection steps. Again, we obtain a good agreement between theoretical and simulation values.
Numerical results for the 4×4 case with the same total data rate of the 2 × 2 case are reported in figure 4 . We observe that at 10 −4 the gain achieved by the proposed spatial loading scheme over the conventional one is similar to that obtained in the 3 × 3 case. In the average SNR region from 15 to 30.2 dB the optimization of (6) gives K = 3 with a data rate of 2 bits per channel use on the first detected sub-channel, 4 bits per channel use on the second detected sub-channel and 4 bits per channel use on the last detected sub-channel. For an average SNR between 30.2 and 35 dB the optimization gives K = 2 with 4 bits per channel used on both the sub-channels. For all the examples we emphasize that in the regionγ < 15 dB the asymptotic approximation does not provide a good estimate of the true performance. In this region the proposed spatial loading scheme would not provide a gain compared to the conventional one due to the lack of validity of the asymptotic approximations.
V. CONCLUSIONS
This paper presents a new spatial loading scheme for V-BLAST systems with ZF-OSIC detection based on the minimization of the asymptotic approximation of the average BER. The data rate and the power allocation at the transmitter is done on the basis of a very limited feedback from the receiver that consists only in the average SNR and the detection order. Simulation results have been used to demonstrate the effectiveness of the proposed spatial loading approach compared to the conventional equal power allocation scheme for a V-BLAST system with a maximum of four transmit and receive antenna elements.
